For regenerative medicine, clarification of in vivo migration of transplanted cells is an important task to secure the safety of transplanted tissue. We had prepared tissue-engineered cartilage consisting of cultured chondrocytes with collagen hydrogel and a biodegradable porous polymer, and we clinically applied it for treatment of craniofacial anomaly. To verify the safety of this tissue-engineered cartilage, we had syngenically transplanted the tissue-engineered cartilage using chondrocytes harvested from EGFP-transgenic mice into subcutaneous pocket of wild type mice, and investigated localizations of transplanted chondrocytes in various organs including cerebrum, lung, liver, spleen, kidney, auricle, gastrocnemius, and femur. After 8 to 24 weeks of the transplantation, accumulation of cartilaginous matrices was observed in tissue-engineered cartilage, while EGFP-positive transplanted chondrocytes were localized in this area. Otherwise, no EGFP was immunohistochemically detected in each organ, suggesting that subcutaneously-transplanted chondrocytes do not migrate to other organs through the circulation. In cartilage tissue engineering using cultured chondrocytes, risk for migration and circulation of transplanted cells seemed negligible, and that ectopic growth of the cells was unlikely to occur, showing that this is safe technique with regard to the in vivo migration of transplanted cells.
INTRODUCTION
Autologous chondrocyte transplantation has been attracting attention as a treatment of defects and injuries of cartilage tissue, which has poor self-repairing capability [1] . Tissue-engineered cartilage with various properties, such as that prepared by injection of cultured chondrocyte suspension [1] and that gelled by mixing with hydrogel [2] . We developed tissue-engineered cartilage by adding autologous cultured chondrocytes to a porous scaffold made of a biodegradable polymer, poly-L-lactic acid (PLLA) [3] , in which collagen hydrogel was used as a mucilage to retain cells within the scaffold [4] . Since this regenerative cartilage tissue has firm hardness and a 3D structure, it is applicable for patients with cartilage deformations and defects associated with craniofacial diseases and traumas. We are using this three-dimensionally tissue-engineered cartilage to treat nasal deformation in a congenital craniofacial anomaly, cleft lip and palate. Since this is a novel clinical technique, its safety should be fully investigated [3] .
In the guidelines for safety of medical devices using cultured cells established by the Japanese government, the evaluation of in vivo migration of transplanted cells is included as a safety item. Since it has been reported that bone marrow mesenchymal stem cells, from which chondrocytes are originated, transfer into the circulation after transplantation and engraft various organs other than bone marrow [5] , the possibility for cultured chondrocytes to enter the circulation or to migrate to other organs cannot be ruled out. Thus, we performed this study to investigate the in vivo migration of cultured chondrocytes after transplantation, and to ensure its safety.
In our previous study, the tissue-engineered cartilage matured 8 weeks after transplantation [6] . At 8 weeks, the transplanted chondrocytes were completely embedded within cartilaginous matrices, which implied that migration of chondrocytes from the transplants to other organs hardly occurred after that time. Thus, we investigated whether transplanted auricular chondrocytes were migrated to other organs by 8 weeks after transplantation. In addition, we examined it also at 24 weeks to confirm long-term safety.
MATERIALS AND METHODS
Firstly, we collected auricular cartilage from the ears of EGFP-transgenic mice (6-week-old males, n = 3, Experimental Animal Division RIKEN BioResource Center, Ibaraki, Japan). After sacrifice by anesthesia with somnopentyl at a fatal dose, approximately 15-mm longitudinal incision was made in the parietal skin. The skin was entirely dissected from the incision line to the apex of the auricle. The auricular cartilage tissue was cut immediately before the tympanum and shaken in 0.15% collagenase solution at 37˚C for 8 hours [7] . The isolated auricular chondrocytes were seeded at 500,000 cells/well in a 6-well plastic plate and cultured in 2 mL of DMEM containing 5% fetal bovine serum, 5 μg/mL insulin, and 100 ng/mL fibroblast growth factor (FGF)-2 [8] as the primary culture. Approximately 1 × 108 cells were recovered after 2 passages (P2). These 1 × 108 cells and 1 mL of 1% collagen hydrogel (atelocollagen, Koken, Tokyo, Japan) were mixed on ice for about 10 minutes. The mixture was infiltrated into sterile PLLA porous scaffold (5 × 5 × 3 mm, KRI, Kyoto, Japan), and gelled in the dish at 37˚C for 2 hours to avoid drying (Figure 1, 0  wk) .
The tissue-engineered cartilage composed of the PLLA/gel/cells (n = 3) was transplanted under the dorsal skin in C57BL/6 mice (Nippon Bio-Supp. Center, Tokyo, Japan) under anesthesia with 16 μL/animal of somnopentyl (Figure 1, 0 wk) . The transplants and eight kinds of target organs (cerebrum, lung, liver, spleen, kidney, auricle, gastrocnemius, and femur) were excised after 8 and 24 weeks, fixed in 4% paraformaldehyde for one hour, immersed in PBS, and embedded in paraffin. The serial sections with a 5-μm thickness were then prepared.
After observation under excitation fluorescence, the sections of samples were subjected to toluidine blue staining, hematoxylin and eosin staining, and immu- nostaining of EGFP. To detect transplant-derived cells, non-serial 10 sections were selected from each organ [9] , deparaffinize with xylene, hydrated with stepwise dilutions of ethanol, immersed in PBS, and subjected to immunostaining of EGFP. To activate antigen, the sections were placed in a mixture of 15 mL of Dako Real Target Retrieval Solution (×10) (Dako, Tokyo, Japan) and 135 mL of 98˚C hot water, boiled for 15 minutes, kept standing at room temperature for 15 minutes, and immersed in PBS for 5 minutes. This procedure was performed twice. For blocking, 10% normal goat serum was dripped on the sections and left standing at room temperature for 10 minutes. After removing moisture, the primary antibody, Invitrogen anti-green fluorescent protein rabbit IgG fraction (anti-GFP IgG) (Life Technologies Corporation, Carlsbad, CA, USA), was dripped on the sections (1:1000) and incubated at 37˚C for 90 minutes. For the control, normal rabbit IgG (SANTA CRUZ BIO-TECHNOL-OGY, INC.) was used instead of the primary antibody. After immersing in PBS for 5 minutes twice, the secondary antibody, Anti-IgG, rabbit, goat-poly, Bio-tin (Vector Laboratories, Burlingame, CA, USA), was dripped on the sections (1:200) and left standing at room temperature for 30 minutes. After immersing in PBS for 5 minutes twice, vectastain ABC (Vector Laboratories, Burlingame, CA, USA) was dripped on the sections and left standing at room temperature for 30 minutes (ABC reaction). After immersing in PBS for 5 minutes twice, the sections were reacted with substrate DAB, and immersed in Milli-Q water. For counter staining, hematoxylin was used. The sections were then dehydrated and sealed. The organs were similarly collected from 6-week-old EGFP-transgenic mice (positive control) and 57BL/6 mice (negative control) and subjected to immunostaining of EGFP. The organ was judged as EGFP-positive when an EGFP-positive cell was present in one or more of the 10 sections [9] .
RESULTS
The tissue-engineered cartilage removed 8 and 24 weeks after transplantation consisted in elastic soft tissue (Figure 1, 8 and 24 wks) . The excised transplants were evaluated histologically and immunohistochemically. In toluidine blue staining, metachromasia was noted throughout the transplants at 8 and 24 weeks, suggesting the maturation of regenerative cartilage.
A large area in the transplants was occupied by regenerative cartilage at both 8 and 24 weeks, while the rate was almost similar between them (Figures 2 (a) and (b) ). Under 490-nm excitation fluorescence, green fluorescence was noted in the cartilaginous region (Figure 2(c) ). In immunohistochemical staining of EGFP, EGFP-positive cells were corresponding to chondrocytes in the cartilaginous region (Figure 2(d) ). These findings suggested that chondrocytes in the regenerative cartilage were derived from the cells of the transplants.
The eight target organs were also excised when the transplant was removed at 8 or 24 weeks, and subjected to immunohistochemical staining of EGFP. In theEGFPtransgenic mice, EGFP-positive cells were present in all these organs (Figures 3 and 4, EGFP) . In the C57BL/6 mice, no positive cells were noted in any of the eight organs (Figures 3 and 4, before transplantation) . At 8 and 24 weeks after transplantation, no EGFP-positive cells were noted in any of the eight organs (Figures 3  and 4, 8 and 4 wks) . The number of positive cells was 0 in any of the eight organs at 8 or 24 weeks after transplantation, showing that chondrocytes in the transplants did not migrate to other organs ( Table 1) .
DISCUSSION
We transplanted tissue-engineered cartilage containing EGFP-positive auricular chondrocytes into mice, and histologically confirmed that no chondrocytes migrated to the other organs 8 and 24 weeks after transplantation. As a phenomenon of cell migration between organs, me- tastasis of cancer is generally known. Metastasis is defined as the spread of cancer cells from the original organ to another one [10] . Various models for metastasis of cancer cells after transplantation have been reported, and cancer metastasis is assumed to be induced by complex interactions of adhesion molecules [11] , proteolytic enzymes [12], growth factors [13] , vascularization [14] , and chemokines [15] , as a molecular mechanism. For example, when U14 squamous cell carcinoma cells were intraperitoneally injected into ICR mice, cervical lymph node metastasis was noted after 15 -20 days in 53% of the animals [16] . It has been speculated that lymph node metastasis starts with cancer cell infiltration in the sinus in the marginal region, and then cancer cells invaded the cortex and medulla, destroying the lymph node. One of molecules playing an important role in this tumor formation and metastasis was a matrix metalloproteinase (MMP). The MMPs degrades all types of extracellular matrix. The degradation of extracellular matrix was closely involved in metastasis of tumor cells. Among the MMP family, MMP-2 and -9 were considered to be particularly important factors for metastasis.
As another metastasis model, human lung cancer cells (MDA-MB-231 cells) have been known. When those cells were injected into the left ventricle of nude mice, bone metastasis was noted in 51.8% after 5 weeks [17] . In that model, many local and growth factors may be secreted from lung cancer cells, secondarily promoting the action of osteoclasts and advancing bone metastasis.
In the above examples, cancer cells were transplanted through routes by which they could readily metastasize to remote organs, such as intraperitoneal and cardiac injections, resulting in metastasis. In contrast, human liver cancer cells (MHCC97-H, MHCC97-L cell lines) caused lung metastasis even through subcutaneous trans-plantation in the dorsal region of nude mice. After 5 -6 weeks of subcutaneous transplantation, 38% -58% of recipient mice showed lung metastasis [18] . As characteristics of this cancer cell, a large amount of transforming growth factor β (TGFβ) was produced. It was speculated that such excess production of growth factor exceptionally enabled the metastasis of cancer cells, although it rarely occurs in subcutaneous transplantation models.
The cultured chondrocytes we investigated are also capable of producing MMPs [19] or growth factors, such including FGFs and TGF surperfamily [20] . However, the cultured chondrocytes conserve the function that they arrest the cell cycle in response to the stimulation for differentiation [21] . Moreover, we applied subcutaneous transplantation that hardly causes metastasis as the transplantation method. Thus, the cultured chondrocytes in this tissue-engineered cartilage may not cause the migration of cells to other organs.
We also used collagen hydrogel in order to prevent leakage of transplanted cells from the scaffold. Generally, tumorigenicity becomes of concern in tissue engineering, if embryonic stem cells or induced pluripotent stem cells are used as cell sources [22] . These kinds of stem cells express adhesion molecules, such as E-cadherin. These molecules are considered to maintain the stem cell properties by forming aggregates [23] . However, in our tissue-engineered cartilage, the cultured chondrocytes were dispersed and mixed with collagen hydrogel, which may inhibit cadherin-mediated cell adhesion and enhanced matrix signals through integrins, promoting the differenttiation [24] . It has been reported that bone marrow-derived mesenchymal stem cells engrafted in other organs, such as cardiac muscle, when the cells were mobilized into the circulation [25] . As the mesenchymal stem cells are origin of chondrocytes, we should discuss the possibility of a similar phenomenon for the cultured chondrocytes. However, the mesenchymal stem cells have very high adhesive ability [26] , and are as specific as they fuse with other kind of cells to exhibit pluripotency [27] . As the cultured chondrocytes do not have such prominent adhesiveness, there may be very little possibility that cultured chondrocytes engraft in other organs.
We had prepared the tissue-engineered cartilage using human auricular chondrocytes and clinically applied it for treatment of nasal deformation in cleft lip and palate patients [3] . The risk of migration of transplanted chondrocytes to distant organs should be seriously evaluated, even though there is very little possibility. In this study, no EGFP-positive cells were noted in any of the organs examined, supporting that subcutaneously-transplanted chondrocytes do not migrate to other organs through the circulation. In order to further develop regenerative medicine with cartilage prepared by tissue engineering, we should continue to consider the safety and efficacy of the tissue-engineered constructs from a variety of perspectives.
